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Abstract: In complex (robot-assisted) laparoscopic radioguided surgery procedures, or when low activity lesions 
are located nearby a high activity background, the limited maneuverability of a laparoscopic gamma probe (LGP; 4 
degrees of freedom (DOF)) may hinder lesion identification. We investigated a drop-in gamma probe (DIGP) technol-
ogy to be inserted via a trocar, after which the laparoscopic surgical tool at hand can pick it up and maneuver it. 
Phantom experiments showed that distinguishing a low objective from a high background source (1:100 ratio) was 
only possible with the detector faced >90° from the high background source. Signal-low-objective-to-background 
ratios of 3.77, 2.01 and 1.84 were found for detector angles of 90°, 135° and 180°, respectively, whereas detec-
tor angles of 0° and 45° were unable to distinguish the sources. This underlines the critical role probe positioning 
plays. We then focused on engineering of the gripping part for optimal DIGP pick-up with a conventional laparo-
scopic forceps (4 DOF) or a robotic forceps (6 DOF). DIGPs with 0°, 45°, 90°, and 135° -grip orientations were 
designed, and their maneuverability- and scanning direction were evaluated and compared to a conventional LGP. 
The maneuverability- and scanning direction of the DIGP was found highest when using the robotic forceps, with the 
largest effective scanning direction range obtained with the 90° -grip design (0-180° versus 0-111°, 0-140°, and 
37-180° for 0°, 45° and 135° -grip designs, respectively). For the laparoscopic forceps, the scan direction directly 
translated from the angle of the grip design with the advantage that the 135° -gripped DIGP could be faced back-
wards (not possible with the conventional LGP). In the ex vivo clinical setup, the surgeon rated DIGP pick-up most 
convenient for the 45°-grip design. Concluding, the DIGP technology was successfully introduced. Optimization of 
the grip design and grasping angle of the DIGP increased its utility for (robot-assisted) laparoscopic gamma tracing. 
Keywords: Radioguided surgery, gamma probe, urology, interventional molecular imaging, laparoscopic surgery, 
robot-assisted surgery, sentinel lymph node biopsy
Introduction
A core development in healthcare has been the 
integration of medical imaging technologies 
into diagnostic- and therapeutic workflows. 
Here, the (detailed) information gathered with 
these imaging technologies can provide preop-
erative insight into both anatomical (e.g. using 
computed tomography (CT), magnetic reso-
nance (MR) imaging, or ultrasound (US)) and 
functional (e.g. using single photon emission 
computed tomography (SPECT), positron emis-
sion tomography (PET), (lympho)scintigraphy, or 
optical imaging (OI)) patient aspects. Aside 
from their preoperative use, some imaging 
modalities can also be used in an interventional 
setting (e.g. CT, US, gamma tracing and -imag-
ing, or OI) where they can provide the surgeon 
with (real-time) information during the 
procedure. 
To date, one of the key surgical guidance tools 
is the handheld gamma probe. The gamma 
probe is frequently used in radioguided surgery 
procedures where it provides the surgeon with 
feedback with respect to the localization of 
radioactive isotopes in the surgical field [1, 2]. 
Using the handheld gamma probe, the intraop-
erative situation can be directly correlated to 
preoperative imaging findings (SPECT or (lym-
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pho) scintigraphy) [3, 4]. Gamma probes have 
been mainly used for procedures such as senti-
nel node biopsy (isotope: 99mTc), radioguided 
intraoperative margin evaluation (isotopes: 
99mTc and 111In), radioguided seed localization 
(isotope: 125I) and radioguided occult lesion 
localization (isotope: 99mTc) [1, 5-11].
Using different detector materials and different 
collimator geometries, gamma probes can be 
tailored to the procedure specific needs like 
field of view, sensitivity and energy window [1, 
2]. The two main types of gamma probe detec-
tors are: 1) scintillation detectors (e.g. (thalli-
um-doped) sodium iodine (NaI(Tl)), (thallium-
doped) cesium iodine (CsI(Tl)) or cerium-doped 
lutetium oxyorthosilicate (LSO)); and 2) semi-
conductor detectors (e.g. cadmium telluride 
(CdTe) or cadmium zinc telluride (CdZnTe)). Both 
types of detectors convert incoming gamma 
photons into an analog voltage signal that is 
eventually presented as an acoustic and 
numerical read-out. The attenuation properties 
of the collimation materials (e.g. lead, tungsten, 
gold or platinum), and the collimation thickness 
and -length can be used to fine-tune the direc-
tional specificity of gamma detection [1, 2]. 
Tissue attenuation of gamma signals like the 
140 keV emission of 99mTc is limited and since 
there is no native background signal the read-
out module provides a very good signal-to-noise 
ratio. This feature generates a powerful tool 
enabling the non-invasive identification of small 
nodules, like sentinel nodes, using imaging 
technologies such as scintigraphy, SPECT(/CT) 
and gamma tracing. However, there also is a 
downside to this sensitivity, namely that the sig-
nal coming from small (diseased) nodules can 
be obscured by background signals coming 
from the injection site or nearby anatomies har-
boring non-specific tracer accumulation (e.g. 
bladder, kidneys or liver). When these signals 
reside within the field of view of the detector, it 
may render the weaker nodules undistinguish-
able from the background. This effect is partic-
ularly limiting in an intraoperative setting when 
using a gamma probe. Attempts have been 
made to lower this radiation background, for 
example by temporary shielding the injection 
site [12]. Yet the most practical solution to this 
problem would be to focus the field of view of 
the detector of the gamma probe on the object 
of interest solely, whereby the detector is facing 
the object of interest, but shielded from the 
background signal. In open surgery procedures 
this can be accomplished for a great variety of 
anatomical locations as placement of the 
gamma probe can occur with six degrees of 
freedom (DOF; Figure 1A and 1D). 
In an attempt to minimize the invasive nature of 
surgery, there has been a move from open to 
laparoscopic and, more recently, robot-assist-
ed laparoscopic procedures [13]. To maintain 
radioguidance for e.g. the sentinel node biopsy 
procedure under these changed circumstanc-
es, extended laparoscopic versions of the tradi-
tional gamma probe have been created (Figure 
1B) and introduced into the clinic [6, 14, 15]. 
Requirements for this type of laparoscopic 
gamma probes are that they can be inserted 
through a single trocar, that their length is suf-
ficient to reach the lesion of interest (distance 
insertion point-lesion of interest is typically 
0-20 cm), and that the resulting maneuverabil-
ity covers an area with a radius of roughly 15-20 
cm. Combined this means that the DOF of the 
laparoscopic gamma probe is much more 
restricted than those of its parental version for 
Figure 1. Degrees of freedom of the various gamma probe setups. The degrees of freedom (DOF) are denoted as 
numbers for the four different setups (D-G). A. Gamma probe for open surgery (rough dimensions indicated). B. Lap-
aroscopic gamma probe with different detector angles available (rough dimensions indicated). C. Drop-in gamma 
probe (rough dimensions indicated). D. The open surgery gamma probe can be directly placed in the wound area 
by the surgeon. The probe has six unrestricted DOF (three translational and three rotational). E. The laparoscopic 
gamma probe is inserted via a trocar and can then be directed to the area of interest. The probe has four DOF (one 
translational and three rotational), which are restricted by the movements possible with the trocar. F. The drop-in 
gamma probe in combination with a non-articulated laparoscopic forceps. After insertion through the trocar, the 
drop-in gamma probe is picked-up and can be directed to the area of interest. After pick-up, possible over different 
angles, the probe has four DOF (one translational and three rotational), which are restricted by the movements 
the non-articulated forceps can make in combination with the trocar through which it was inserted. G. The drop-in 
gamma probe in combination with an articulated forceps. After insertion through the trocar, the drop-in probe is 
picked-up and can be directed to the area of interest. After pick-up, possible over different angles, the probe has six 
DOF (one translational and five rotational) which are restricted by the movements that the articulated forceps can 
make in combination with the trocar through which this articulated forceps was inserted.
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open surgery (Figure 1D and 1E). More specifi-
cally, applying the gamma probe technology in 
a laparoscopic setting reduces the DOF from 
six (three translational and three rotational), to 
four (one translational and three rotational) 
thereby limiting the detectability of small nod-
ules close to large radioactive background 
sources [16, 17]. 
One way to compensate for the reduced maneu-
verability is to alter the angle of the detector 
relative to the tip from 0° to 90° [6]. 
Unfortunately, different anatomical locations 
may require different angles of detector place-
ment, essentially meaning that in a single pro-
cedure with radioactive hotspots at different 
locations, which is common during sentinel 
node biopsy procedures in prostate cancer 
patients [18], detectors with different angles 
would be required. Another practical disadvan-
tage of a laparoscopic gamma probe is that it 
temporarily blocks the trocar that could other-
wise be used to insert surgical tools that are of 
value during the resection of these lesions of 
interest. As a consequence the laparoscopic 
gamma probe has to be moved in and out of 
the patient multiple times during the proce-
dure, thereby limiting logistics [6, 7]. 
In case of robot-assisted laparoscopic proce-
dures, the surgeon is sitting at a distant robot 
control console, rather than standing beside 
the patient in the sterile field. This means that a 
bedside assistant has to perform laparoscopic 
gamma tracing under verbal guidance of the 
surgeon. Next to the above-described limita-
tions for the laparoscopic surgical procedures, 
this aspect obviously limits the degree of con-
trol for the surgeon on the detection process 
during robot-assisted procedures. This may 
lead to confusing feedback, especially when 
using a laparoscopic gamma probe with an 
angled detector. 
Using the drop-in ultrasound technology as an 
example [19], we reasoned that the use of a 
small-sized wired gamma probe that can be 
inserted (“dropped-in”) through a trocar would 
provide a flexible mode of gamma tracing dur-
ing (robot-assisted) laparoscopic procedures. 
Such a modality can be directly manipulated 
using the available surgical tools (Figures 1C, 
1F, 1G, 2). Taking general engineering restric-
tions such as detector surface, shielding, tro-
car-diameter compatibility, cable thickness, 
and patient safety into account, we specifically 
focused on the engineering of the gripping 
technology for the drop-in gamma probe. Of 
special interest were the modus of gripping 
and, in an attempt to reduce the influence of 
background signals within the probe field of 
view, the angle of gripping. Subsequently, we 
evaluated these different approaches in a 




A schematic outline of the drop-in gamma 
probe is given in Figure 1C. The detection and 
electronic principles of the drop-in gamma 
probe are similar to the standard open- and 
laparoscopic gamma probes of Eurorad S.A. 
(Eckbolsheim, France). 
The engineering process focused mostly on the 
mechanical aspects of the drop-in gamma 
probe. Essentially, with the design of the drop-
in gamma probe the standard gamma probe 
was split in two parts: the general setup 
remained very similar, though the fixation of the 
detector section to the rest of the gamma probe 
was changed from a rigid metal tube to a flexi-
ble cable. The head section of the drop-in 
gamma probe was designed with a diameter of 
Figure 2. Insertion of the drop-in gamma probe 
through a trocar. A. The drop-in gamma probe is in-
troduced into the abdominal cavity by the bedside 
assistant. B. After insertion the operating surgeon 
grabs the drop-in probe with the available surgical 
tool.
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12.0 mm and a length of 39.8 mm. The detec-
tor in the head of the drop-in gamma probe 
consists of a 5.0 mm × 10.0 mm (diameter × 
length) CsI scintillation crystal coupled to a 
25.0 mm2 silicon photodiode. The circular colli-
mation applied around the crystal was fabricat-
ed out of densimet 176, a tungsten-nickel-iron 
alloy. A 4.3 mm diameter biocompatible cable 
was used to connect the head of the drop-in 
gamma probe to the rest of the probe housing 
and to connect the total drop-in gamma probe 
to the control unit Europrobe 3 (Eurorad S.A.). 
The outer shells of the drop-in gamma probe 
were constructed of medical grade 316L stain-
less steel. 
Design drop-in gamma probe prototypes
Surgical tool of choice: To ensure accurate, 
reproducible and intuitive gripping of the drop-
in gamma probe, the grip structure was specifi-
cally designed to match a surgical tool of 
choice. From the tools frequently used in (robot-
assisted) laparoscopic surgery, it was believed 
that, for this initial proof-of-concept study, the 
two below-described models would be most 
suitable for grasping larger objects like the 
drop-in gamma probe: 1) An articulated forceps 
used in robot-assisted laparoscopic surgery 
procedures, the da Vinci ProGrasp® forceps 
from the EndoWrist Graspers series (Intuitive 
Surgical Inc., Sunnyvale, CA, USA). This tool fea-
tures a double wrist joint that contributes to a 
total of six DOF available for maneuverability of 
the drop-in gamma probe (Figure 1G); and 2) A 
non-articulated forceps that is used during lap-
aroscopic surgical procedures (KARL STORZ 
Endoskope forceps, #33133 metal handle, 
#33300 metal outer sheath and #33310 ON 
forceps insert; KARL STORZ Endoskope GmbH 
& Co. KG, Tuttlingen, Germany). This laparo-
scopic tool delivers four DOF for maneuverabil-
ity of the drop-in gamma probe (Figure 1F). 
Drop-in gamma probe gripping part design: 3D 
mechanical computer-aided design (CAD) soft-
ware SolidWorks (Dassault Systèmes SA, 
Vélizy-Villacoublay, France) was used to design 
and optimize the geometries for the gripping 
process. Limiting these designs were: 1) The 
12 mm trocar inner diameter: Every structure 
on top of, or attached to the drop-in gamma 
probe was bound to a maximal outer diameter 
of 12 mm; 2) The <5 mm cable diameter: Based 
on availability, we were constrained to a specif-
ic biocompatible cable with a 4.3 mm diameter. 
Figure 3. Grip design development steps. A. Off-center gripper and off-center cable exit, facilitating convenient 
probe pick-up, while maintaining on-center cable origin inside. B. Optimizing the shape of the gripper to the forceps, 
providing a convenient and reproducible probe pick-up. C. Integration of the design in robust solid block design with-
out sharp edges (view 1). D. Integration of the design in solid block (view 2). E. Modification to the walls surrounding 
the grip structure, promoting ease and reproducibility of gripping. F. 0° grip structure displayed when grasped by 
the forceps.
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Since the maximal diameter of the gripping 
piece is 12 mm, the current cable occupies 
approximately 36% (4.3/12 mm) of the total 
grip diameter. In the future this cable diameter 
may become smaller; 3) Cable placement: Due 
to the attachment to the electronics inside the 
drop-in gamma probe, the cable had to origi-
nate from the central probe axis, preventing a 
direct off-center connection; 4) Matching for-
ceps designs: The grip design had to be specifi-
cally tailored to the two forceps of interest. The 
grip design had to ensure a reproducible pick-
up with an accurate and stable grip with limited 
translational and rotational movement of the 
probe with respect to the forceps; 5) Intuitive 
and facile probe pick-up by the operating sur-
geon: The grip structure had to be designed in 
such a way that the intraoperative application 
time was short and the surgeon user-experi-
ence was positive for both probe pick-up and 
control; 6) Stainless steel processing compati-
bility: The grip design had to be fabricated form 
medical grade 316L stainless steel; 7) Patient 
safety: The grip design has to have a smooth 
surface without any sharp edges or structures 
that can potentially lead to unintentional tissue 
damage during the surgical procedure or when 
retracting the drop-in gamma probe after its 
use; 8) Sterilization procedure: Both the drop-in 
gamma probe geometry and the fabrication 
process used should allow for sufficient probe 
sterilization and decontamination; 9) The grip-
ping position should allow for flexible detector 
head placement during surgery covering a 
scanning range as large as possible. 
During the design process we followed specific 
development steps taking into account the 
above-mentioned limitations (a schematic 
overview is shown in Figure 3): 1) An off-center 
gripper position, where the probe cable is 
directed from an internal center point to an off-
center exit, was developed. This allows for an 
on-center cable attachment to the electronics 
inside, while providing clearance around the 
gripping structure facilitating convenient probe 
pick up (Figure 3A); 2) The shape of the gripper 
was optimized with oblique angles to allow for a 
stable, reproducible, and conveniently grasped 
grip (Figure 3B); 3) To get a more robust design 
without any sharp angles, and to promote bet-
ter probe extraction through the trocar, the opti-
mized gripper conformation was integrated in a 
solid block (Figure 3C and 3D); 4) To further 
improve the ease and reproducibility of grip-
ping, the walls surrounding the grip were modi-
fied so that the forceps would lock itself onto 
the central gripping structure (Figure 3E). In 
addition, these rounded geometries should 
facilitate probe extraction through the trocar 
even further; and 5) The grip design was modi-
fied so that it could be applied in angles ranging 
between 0° and 135° with respect to the 
detector in the head of the drop-in gamma 
probe.
Drop-in gamma probe gripping part generation: 
For initial tests of the grip structure, prototypes 
were 3D printed in either polylactic acid (PLA) 
or acrylonitrile butadiene styrene (ABS) plas-
tics. The choice of material was simply a matter 
of 3D printer availability and did not impact the 
designed structures. 
PLA prototypes were printed with a slightly 
modified 3D Touch 3D printer (Bits from Bytes, 
3D Systems Inc., Rock Hill, USA) and the accom-
panying Axon 2 slicer software (Bits from Bytes, 
3D Systems Inc., Rock Hill, USA). Extruder tem-
peratures were set ranging from 195-200°C 
with print resolution at 0.125 mm for the grip 
designs. 
ABS prototypes were printed on the Dimension 
Elite 3D printer (Stratasys Ltd., Eden Prairie, 
MN, USA), with accompanying CatalystEX 4.4 
slicer software (Stratasys Ltd., Eden Prairie, 
MN, USA). Designs were printed at tempera-
tures of 260°C and a print resolution of 0.017 
mm. The plastic prototypes were printed in two 
parts: 1) A generic hollow base, used for all pro-
totypes, where the collimation and detector are 
normally located; and 2) The specifically 
designed gripping part. 
To further approximate the functioning of a 
working drop-in gamma probe, the probe cable 
was put into place and the weight was increased 
by filling the hollow base with lead. The result-
ing plastic prototypes weighed approximately 
11 g. Note that these plastic prototypes did not 
house the detection electronics.
After initial plastic prototype evaluation, the 
most promising designs were fabricated out of 
stainless steel by Eurorad S.A. to test if the 
design allowed for metal powder sintering tech-
niques. The real functioning drop-in gamma 
probe prototypes weighed about 36 g each. 
Evaluation process
Gamma probe detection angle evaluation: To 
evaluate the effect of gamma probe maneuver-
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ability on the resolvability of two radioactive 
sources in close proximity to each other, a “1 
cm-grid-phantom” setup was used [20]. 
Two 99mTc based radioactive sources were 
made to resemble a typical injection site and 
nearby lymph node for a case of prostate can-
Figure 4. Gamma detector angle evaluation in the background-angle-setup (A) and the detector-angle-setup (B). (A1) 
Schematic image of phantom measurements setup. The ~2 MBq source is at a fixed distance of 1 cm with respect 
to the front of the detector. The ~200 MBq source is at a fixed distance of 5 cm with respect to the ~2 MBq source. 
(A2) Resulting gamma probe signal plotted versus the angle of the ~200 MBq source. Error bars plotted with the 
orange curve indicate ±1 standard deviation. (B1) Schematic image of phantom measurements setup. The ~200 
MBq and ~2 MBq sources have a fixed distance of 5 cm. The fixed distance from the detector to the source path is 
1 cm. (B2) Resulting gamma probe signal plotted for five different detector angles (0°, 45°, 90°, 135° and 180°) 
when the two sources move along the position-axis. (B3) Zoom-in on the additional peak detected (indicated with 
red circle and arrow) when the detector is placed at 90°, 135° and 180°. Error bars indicate ±1 standard deviation.
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cer for which a 100:1 ratio in tracer uptake was 
chosen. The background source (resembling 
the injection site) was prepared in an entirely 
and homogenously filled 500 µL Eppendorf 
tube containing ~200 MBq of radioactivity cali-
brated for the time of study. The low intensity 
objective (resembling the lymph node) was pre-
pared with ~2 MBq of radioactivity in a 200 µL 
Eppendorf tube calibrated for the time of study. 
To immobilize the height of the radioactivity of 
this low intensity objective in the tube, the tube 
was filled 67% with a green colored resin (AG® 
Anion Exchange Resin, Life Science, Bio-Rad 
Laboratories B.V. Veenendaal, The Netherlands) 
and subsequently topped with a fitting piece of 
tissue paper containing the required radioactiv-
ity after which a final layer of resin filled the 
remaining space. 
Two different setups were used to investigate 
the effect of different gamma-ray detection 
angles. In the first setup both the ~2 MBq 
source and the gamma detector were fixed on 
the grid with a 1 cm distance between the 
source and the front of the probe (Figure 4A1). 
The ~200 MBq source was then moved in half 
a circle (0-180 degrees) with a fixed radius of 5 
cm with respect to the ~2 MBq source. This 
setup simulated the movement of the gamma 
probe around a hot nodule hindered by a back-
ground signal and is referred to as the 
“background-angle-setup”.
In the second setup the gamma detector head 
was fixed at five different angles (0°, 45°, 90°, 
control unit. For every measurement the count 
scale was set to 10,000 and a counting time of 
1 s was selected. For every evaluated point, the 
mean was taken of three consecutive 1 s mea-
surements. Every complete measurement ses-
sion was performed in triplicate with three dif-
ferent radioactive source pairs. All signals 
measured were corrected for radioactive decay 
with respect to the initial activity. For present-
ing the data, every separate session was nor-
malized to the signal measured with only the 
low intensity object present at a 1 cm distance 
in front of the gamma probe detector head. 
These resulting signals were used to calculate 
the mean and standard deviation as shown in 
the graphs.
Drop-in gamma probe prototype evaluation: A 
basic laparoscopic phantom was fabricated to 
simulate the setup of a (robot-assisted) laparo-
scopic prostatectomy procedure (Figure 5A). 
The phantom consisted of a 38.7 cm diameter, 
46.0 cm long PVC tube with a wall thickness of 
1.1 cm. The bottom was removed to create a 
level surface inside the phantom, resulting in a 
phantom height of 31.0 cm. Five pieces of ~3 
mm thick rubber were fitted to mimic the stretch 
nature of skin and subsequently, holes were 
punctured and five 12 mm trocars were put in 
to place. 
Initial evaluation of the designed and printed 
plastic drop-in gamma probe prototypes was 
performed with the laparoscopic phantom 
Figure 5. Laparoscopic phantom with motorized articulated forceps. A. Artic-
ulated forceps. B. Electro motors. C. Red PLA coupling rings. D. Acrylic hous-
ing. E. Laparoscopic phantom. F. Electric control circuit.
135° and 180°) while both 
radioactive sources were 
moved passing the detector 
with the same 5 cm distance 
between both sources (Figure 
4B1). The distance from the 
gamma probe head to the 
source path was 1 cm. This 
setup provided a quantifiable 
form of feedback on the rela-
tion between the angle of 
detector placement and the 
influence of a background sig-
nal, and what influence this 
effect has on the resolvability 
of the two separate sources 
and is referred to as the 
“detector-angle-setup”.
The readout for both setups 
was based on the count rates 
reported by the Europrobe 3 
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Drop-in grip  
design 4
Drop-in grip  
design 5
Cable exit Center Center Off-center Off-center Off-center Off-center Off-center
Rounded edges Yes Yes No Yes Yes Yes Yes
Grip location N/A Center Off-center Off-center Off-center Off-center Off-center
Grip orientation (degrees) N/A 0 0 0 45 90 135 (potential for 
additional 45)
Convenience of pickup with 
forceps
N/A - + + ++ + +
Scanning direction with rigid probe 
(degrees)
0, 45 or 90 N/A N/A N/A N/A N/A N/A
Scanning direction with non-articu-
lated forceps (degrees)
N/A 0 0 0 45 90 135 (potential for 
additional 45) 
Scanning direction with articulated 
forceps (range, degrees)
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using a motorized articulated forceps (Figure 
5). The generated motorized forceps setup was 
similar as described before (Integration of force 
feedback into minimally invasive robotic sur-
gery 2007, https://www.youtube.com/watch?- 
v=OtFy1AF8SbQ) and consisted of: 1) A Pro- 
Grasp® forceps (Intuitive Surgical Inc.); 2) Four 
12 V direct current (DC) transmission electro 
motors (20G-150, Igarashi Motoren GmbH, 
Burgthann-Ezelsdorf, Germany); 3) Four 3D 
printed coupling rings to couple the torque of 
the motor shaft to the four forceps wheels; 4) 
An acrylic plastic housing to mount all compo-
nents together; and 5) A small electric circuit 
build to control all four forceps wheels in two 
directions. 
After the phantom evaluation, the plastic proto-
types were evaluated by a surgeon (HGvdP) 
who is specialized in (robot-assisted) laparo-
scopic radioguided surgery procedures. 
Evaluation of the designed prototypes was per-
formed ex vivo with the Prograsp® forceps in 
combination with the da Vinci Si surgical robot 
system (Intuitive Surgical Inc.) and the KARL 
STORZ Endoskope laparoscopic forceps (KARL 
STORZ Endoskope GmbH & Co KG) in a typical 
operation room setup. 
In both the phantom and ex vivo surgical set-
ting, the grip structure of every designed proto-
type- in combination with the respective for-
ceps- was evaluated for: 1) Convenience of the 
probe pick-up: This was rated from ‘very poor’ 
(--), to ‘poor’ (-), to ‘medium’ (o), to ‘convenient’ 
(+), to ‘very convenient’ (++); 2) Scanning range 
available for gamma ray detection: Multiple ori-
entations of probe pick-up were evaluated. The 
Figure 6. Maneuvrability of the drop-in gamma probe evaluated in ex vivo tissue setup with prototype design 0. A-C. 
Drop-in gamma probe gamma tracing of a tiny sentinel node that is lying directly next to the prostate. D-F. Drop-in 
gamma probe gamma tracing of the prostate. By changing the angle under which the drop-in gamma probe looks at 
the radioactive sources, these can be discriminated from each other. 
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axial axis, in-line with the gamma probe scan-
ning direction, was defined as the 0° axis (see 
also Figure 4A1). The orthogonal axis, perpen-
dicular with the gamma probe scanning direc-
tion, was defined as the 90° axis (see also 
Figure 4A1). The orientation of pick-up influ-
ences the resulting scanning range available 
for gamma ray detection. This was measured in 
degrees with respect to the axial axis; and 3) 
Probe fixation in forceps grip: Both the fixation 
of the grasped drop-in probe in the forceps and 
the reproducibility of this grip was evaluated. 
First ex vivo and in vivo evaluation of a fully 
functioning drop-in gamma probe prototype: In 
addition to the evaluations as described above, 
a functioning drop-in gamma probe prototype 
was fabricated and used for a first ex vivo 
human tissue- and in vivo animal model evalua-
tion. This drop-in gamma probe incorporated 
the first grip design prototype and was labeled 
as design 0 (Table 1). 
Design 0 was firstly evaluated in an ex vivo clini-
cal setup (Figures 6 and 7A). This setup con-
sisted of a radioactive prostate and a radioac-
tive sentinel node at an approximate distance 
of 2 cm (approximate radioactivity ratio: 100:1). 
These human tissue samples were obtained 
from a patient that underwent a robot-assisted 
radical prostatectomy combined with sentinel 
node biopsy and an extended lymph node dis-
section as previously described [13]. Next to a 
gamma tracing evaluation in this setup, the sur-
geon evaluated the above-described three cri-
teria (convenience of probe pick-up, scanning 
range, and probe fixation in the forceps grip).
Secondly, design 0 was evaluated in an in vivo 
porcine animal model (Figure 7B). Due to the 
facility-restricted use of radioactive sources in 
animals, evaluation of the drop-in gamma 
probe purely focused on evaluation of the con-
venience of probe pick-up, probe maneuver-
ability and probe fixation in the forceps. 
Results
Gamma probe detection angle evaluation
In Figure 4A2 the results are shown for the 
measurements of the background-angle-setup, 
where a high-background source was moved 
around a fixed detector head-objective setup. 
Figure 7. Ex vivo and in vivo gripping of drop-in gamma probe design 0. A1-A2. 0° grip facing the radioactive prostate 
using the articulated forceps as seen when looking through the surgical goggles (surgeon view; A1) or when looked 
at from the side (filmed by camera; A2). A3-A4. 90° grip facing the radioactive prostate using the articulated forceps 
as seen when looking through the surgical goggles (surgeon view; A3) or when looked at from the side (filmed by 
camera; A4). B1-B2. In vivo (porcine model), gripping and maneuverability of prototype design 0 were evaluated us-
ing an articulated forceps (surgeon view). 
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The orange line was obtained when both the 
background and the objective sources were 
present in the setup. These measurements 
clearly underline how background signal posi-
tions in a <75° angle relative to the gamma 
probe detector head can lead to background 
counts that significantly exceed those emitted 
by the objective alone (blue line). In Figure 4B2 
the measurements performed in the detector-
angle-setup are presented. In the areas pre-
sented by the dashed line the detector was 
saturated. Only with the >90° positioning of 
the detector (90°, 135°, and 180°) a distinct 
peak of the ~2 MBq objective could be differen-
tiated from the background signal (Figure 4B3). 
Calculating the ratio between the low objective 
peak and the lowest signal in-between the low 
objective peak and high background peak, the 
signal-low-objective-to-background ratio, result- 
ed in 3.77, 2.01 and 1.84 for detector angles of 
90°, 135° and 180°, respectively. This result 
further underlines the influence the angle of 
the detector-placement has on the diagnostic 
accuracy of gamma detection. Combined these 
results suggest that being able to turn the 
gamma probe detector head away from a high 
activity background source in an angle exceed-
ing 90° improves the detection of a low activity 
objective.
Drop-in gamma probe prototype evaluation
Table 1 provides an overview of the evaluated 
drop-in gamma probe prototype designs. 
During the evaluation process a 0° laparoscop-
ic gamma probe served as reference.
Since the gamma photon scanning section is 
located at the front end of the probe head, and 
the most commonly used (laparoscopic) 
gamma probes have a 0° scanning configura-
tion, we designed and fabricated the initial 
drop-in gamma probe with an axial grip design: 
design number 0. From the ex vivo and in vivo 
experiments of this drop-in gamma probe, we 
found that gripping could be challenging. As 
can be seen in Figure 7, this was due to the 
central location of the connector cable, partly 
obstructing facile forceps placement over the 
grip design. Therefore, the resulting drop-in 
gamma probe prototype was rated ‘poor’ (-) for 
probe pick-up. When picked-up with the non-
articulated forceps, this drop-in probe design 
gave the same maneuverability as the rigid 
laparoscopic gamma probe. However, in combi-
nation with the articulated forceps, maneuver-
ability was largely extended due to the extra 
DOFs available (see Figure 6). While both the 
rigid laparoscopic gamma probe and the non-
articulated forceps drop-in probe combination 
had a fixed scanning direction of 0°, the extra 
DOF with the articulated forceps allowed for a 
variable scanning direction of 0-125° with 
respect to the axial axis. Moreover, the fixation 
and reproducible gripping of this drop-in gamma 
probe were found challenging due to the round 
shapes of the grip design. The fixation and 
reproducibility errors were found to be ~8° and 
~1 mm, respectively. 
The main focus of grip design 1, compared to 
design 0, was to optimize the central gripping 
structure for convenience of probe pick-up (see 
Figure 3A and 3B). This was done using a (dou-
ble sided) pyramid shaped geometry that 
allowed the forceps to slide to a fixed end-posi-
tion. To maintain a diameter <12 mm the cable 
had to be directed from the central probe axis 
to an off-center exit point at the probe back 
end. The resulting drop-in gamma probe proto-
type was rated ‘convenient’ (+) for probe pick-
up. The scanning range delivered with the non-
articulated forceps setup was equal to that of 
design number 0 (0° with respect to the axial 
axis). The scanning range delivered with the 
articulated forceps setup was found to be 
0-111° with respect to the axial axis. The fixa-
tion and reproducibility errors were found to be 
~5° and ~1.5 mm, respectively. During probe 
retraction through the trocar, this grip design 
could act as a small hook on the trocar, hinder-
ing the extraction process. 
Grip number 2 was designed to further reduce 
the fixation and reproducibility errors, while 
improving the retraction process and maintain-
ing usability (see Figure 3C-E). This was 
achieved using tightly fitted oblique walls sur-
rounding the grip structure, which allowed the 
forceps to always slide back to a fixed end-posi-
tion. To better place these oblique walls, and at 
the same time increase the mechanical durabil-
ity of the grip structure, the design was inte-
grated into a solid block. The resulting drop-in 
gamma probe prototype was still rated ‘conve-
nient’ (+) for probe pick-up by the surgeon. The 
scanning range delivered with both the non-
articulated forceps and the articulated forceps 
setup was equal to that of design number 1 (0° 
and 0-111° with respect to the axial axis, 
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Figure 8. Effective scanning range available with the rigid laparoscopic gamma probe versions (A) and the different 
drop-in gamma probe designs in combination with the laparoscopic non-articulated forceps (B) and the robotic ar-
ticulated forceps (C). A1, A2 and A3 illustrate the 0°, 45° and 90° laparoscopic gamma probe versions respectively. 
B1, B2, B3 and B4 illustrate design number 2 (0° grip), 3 (45° grip), 4 (90° grip) and 5 (135° grip) in combina-
tion with the non-articulated forceps, respectively. For design number 5, an additional 45° application is shown in 
transparent. C1, C2, C3, and C4 illustrate design number 2 (0° grip), 3 (45° grip), 4 (90° grip) and 5 (135° grip) 
in combination with the articulated forceps, respectively. In all these articulated forceps combinations the effective 
scanning range was found to comprise 0-111°, 0-140°, 0-180° and 37-180° respectively.
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respectively; Figure 8B1 and 8C1). With this 
design the fixation and reproducibility errors 
were reduced to a negligible amount of ~0° 
and ~0 mm respectively. Probe retraction 
through the trocar was found to be more conve-
nient compared to design number 1. 
After optimization of the grip convenience, fixa-
tion and reproducibility, the goal of design num-
ber 3, 4, and 5 was to optimize the scanning 
range obtained with the drop-in gamma probe. 
By changing the grip orientation with respect to 
the axial axis, the three designs delivered 45° 
(design 3), 90° (design 4) and 135° (design 5) 
versions of the drop-in gamma probe. For all 
three designs the grip structure and the oblique 
walls had to be tailored to the specific forceps 
orientation and openings-angle, resulting in 
minor variations of the design. Prototype num-
ber 3 was rated ‘very convenient’ (++) for probe 
pick-up, due to the easiest approach. Prototypes 
4 and 5 were rated ‘convenient’ (+) for probe 
pick-up. Grasped with the non-articulated for-
ceps, design number 3 and 4 showed a scan 
direction of 45° and 90°, respectively. Design 
number 5 allowed for a 135° scan direction, 
allowing to position the gamma probe detector 
head in a backwards direction (Figure 8B4). 
Although the grip structure of design number 5 
was not specifically designed for two-way grasp-
ing, it was also possible to grasp this drop-in 
gamma probe prototype in a second direction 
of 45°. If further developed, this may add an 
extra functionality to this design: The ability to 
look in both a forward and backwards direction. 
In combination with the articulated forceps, the 
scanning range for these three designs was 
found to cover 0-140°, 0-186°, and 37-235° 
with respect to the axial axis (Figure 8C2-C4), 
respectively. With the 135° grip orientation it 
was thus no longer possible to scan in a straight 
forward 0° direction. Figure 8A displays the 
obtained scanning ranges made possible with 
the different rigid laparoscopic gamma probe 
versions. 
As designed, all drop-in gamma probe proto-
types fitted through the 12 mm trocar. The use 
of the biocompatible cable and the medical 
grade stainless steel housing allowed the drop-
in probe to be sterilized with ethylene oxide 
(ETO) sterilization methods. Complete steriliza-
tion results in overcoming the need for e.g. ster-
ile draping which can interfere with reproduc-
ible and facile gripping of the probe.  
Discussion
The application of the current rigid laparoscop-
ic gamma probes has proven to be challenging 
during complex surgical procedures such as 
sentinel node biopsy for prostate cancer [13] 
and gastrointestinal cancer [16, 17] or radiogu-
ided localization of 111In-prostate specific mem-
brane antigen (PSMA) positive lesions [21]. One 
of the main limitations are the limited DOF that 
the current laparoscopic gamma probe setup 
has, rendering it difficult to accurately place the 
gamma detector. In this paper, the phantom 
experiments with the background-angle-setup 
and the detector-angle-setup clearly illustrate 
the diagnostic benefit of detector maneuver-
ability with respect to a high and low radiation 
source. Being able to turn the detector away 
from the high activity background source (typi-
cally produced by the injection site) allowed us 
to distinguish the low activity objective. Based 
on these results we therefore hypothesize that 
a small sized drop-in gamma probe, in combi-
nation with the right laparoscopic surgical tools 
can have great benefits in laparoscopic radiogu-
ided surgery applications. 
Similar to the small sized drop-in ultrasound 
probe presented in the field of intra-abdominal 
ultrasound [19], the drop-in gamma probe was 
designed to be inserted through a trocar, after 
which it can be picked-up and manipulated by 
the (robotic) tools of the operating surgeon, as 
was illustrated in the porcine animal model. 
The two laparoscopic tools used for this proof-
of-concept showed a clear difference in the 
drop-in probe maneuverability. The greatest 
DOF, and therefore maneuverability, was found 
with the articulated ProGrasp® forceps, allow-
ing to scan (with grip design number 4) in both 
a forward 0° direction (for scanning while 
approaching the surgical site) and a backwards 
180° direction (for placing the drop-in gamma 
probe in between the high background objec-
tive and low objectives), while also allowing the 
directional scanning angles in between 
(1-179°). 
Although instruments with more DOF will give 
higher flexibility, the drop-in gamma probe can 
also be of value in combination with more con-
ventional non-articulated laparoscopic tools. 
For example, the combination of grip design 
number 5 and the non-articulated KARL STORZ 
Endoskope laparoscopic forceps allowed back-
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wards directed scanning (135°), which is 
impossible with current rigid laparoscopic 
gamma probes. This 135° scanning direction 
facilitates the placement of the drop-in gamma 
probe in-between high activity background sig-
nals and low activity objectives, while possibly 
allowing forward facing detection (45°) when 
using the reversed gripping modus. 
In the ideal situation gamma probes have no 
limitations on maneuverability, harboring the 
freedom to scan in every direction of the 
abdominal cavity, focusing on (low) objective 
radiation while avoiding (high) background radi-
ation. In this study, only the angle of the grip 
was changed with respect to the drop-in gamma 
probe, grasping the entire probe over different 
angles and so creating an as-large-as-possible 
scan direction range. Just as with the rigid lapa-
roscopic gamma probe, it would also be possi-
ble to place the detector itself at different 
angles in the gamma probe [1, 2]. Adjusting this 
element of the probe could open up additional 
interesting possibilities; for example: if a 45° 
detector placement would be combined with 
the 135° probe grip, that could also be grasped 
over 45°, it would be possible with the non-
articulated laparoscopic forceps used in this 
study, to scan in a direction of 0° and 180° 
with the same drop-in gamma probe. The drop-
in gamma probe technique as described in this 
study, is therefor not limited to the tools used in 
this study. Slight adaptations to the grasping 
part will allow versions of the drop-in gamma 
probe to complement other dedicated surgical 
tools. 
Because the drop-in gamma probe technology 
is controlled with the surgical tools the surgeon 
has at hand during the procedure, positioning 
should be intuitive directly following the move-
ment of the surgical tools. The impact of this 
feature will be most prominent in robot-assist-
ed laparoscopic procedures where the surgeon 
is positioned away from the operating table. 
Additionally, during robot-assisted laparoscopic 
procedures, the surgeon has often three robot 
arms available with which can be worked. With 
these three arms, the arm holding the drop-in 
gamma probe can be positioned in such a way 
that the surgeon can monitor the removal of 
the target lesion in real-time as performed by 
the two other arms. The latter is similar to that 
used during open surgery [22]. Contrary to the 
rigid laparoscopic gamma probe, with the <5 
mm diameter cable of the drop-in probe it will 
be possible to share a trocar (typically 12-14 
mm) with different laparoscopic tools (typical 
diameter: 6 mm). This avoids the need of an 
extra trocar, and allows the probe to stay in the 
abdominal cavity during the entire procedure. 
This particular feature helps to further minimize 
the impact on the surgical procedure. 
Besides providing acoustic radioguidance, (lap-
aroscopic) gamma probes have also been used 
to produce a freehand SPECT scan in the oper-
ating room for example during parathyroidecto-
my and sentinel node biopsy procedures for 
breast and head and neck cancer [23-27]. In 
this technique a surgical navigation or tracking 
system is used to record every position of the 
gamma probe (or small handheld gamma cam-
era) during scanning, thereby linking the mea-
surements found to the corresponding location 
in space. To perform a freehand SPECT scan, it 
is important that sufficient information is 
acquired form different positions and orienta-
tions with respect to the tissue of interest [28]. 
For this reason, we imagine that the availability 
of drop-in gamma probes may enable a superi-
or form of intra-abdominal freehand SPECT 
[29].     
The drop-in probe technology isn’t restricted to 
gamma radiation only, but can possibly also be 
extended to other forms of molecular imaging. 
With the proper adjustments, drop-in probes 
might be applied to the fields of for example 
beta radiation [2, 30], Cherenkov [31], (lifetime) 
luminescence [32] and even optoacoustic 
imaging [33].
Conclusion
The drop-in gamma probe technology increas-
es the degrees of freedom with which laparo-
scopic gamma tracing can be performed. 
Herein the angle of gripping has proven to be 
the most critical engineering feature. Tailoring 
the grip design and angle helped in improving 
reproducible and easy grasping, while increas-
ing the detection range and reducing the nega-
tive influence that background signals can have 
during gamma tracing procedures.
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